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Introduction
demand, energy sources prices as well as technical and policy constraints and 1 assumptions are required and must be defined as well. 2 3 In the present study a base case scenario was initially developed including all the 4 components that would be common in the scenarios to be investigated. The first 5 step of the modelling work was a systematic representation of the existing 6 electric connected system which was carried out on a power plant unit basis 7 (Hellenic Transmission System Operator, 2006; PPC); the system is outlined in 8 Table 1 on a plant basis for the ETS reference year 2005. Decommissioning of 9 old fossil fuel units, as well as commissioning of new hydroelectric plants, 10 elements common in all scenarios, were based mainly on PPC's business plan 11 (PPC, 2008) and press releases (PPC) and are outlined in Table 2 and Table 3  12 respectively. Until 2008 oil, natural gas and coal prices were taken into 13 consideration according to real market prices while for the future period (2009-14 2020) were assumed unchanged. This was decided since the investigation of 15 fuels price variation influence on energy planning is not in the scope of the 16 present study. In the case of natural gas and lignite, estimations had to be made 17 as their cost to PPC is confidential. For lignite, a mine based approach was 18 followed concerning mainly fuel quality and cost variations (PPC). In addition to 19 price, energy production levels were defined for all power plants for the Table 4 4 (Eurostat, 2008) . For demand forecasts towards 2020, a specific per sector annual 5 rate of increase was calculated, based on 2004 over 2003 data (Eurostat, 2008) . 6 This rate was kept constant for all years (Table 4) , even though data is available 7 for the first years to date, in order to not over-customize the solution. 8 9 The investigation of the effects of the quantity and price of CO2 emissions 8 allowances on the behaviour of Greek electric sector in the various scenarios 9 constitutes a major element of the current study. According to this approach the 10 time period examined in the study is virtually divided into four different regimes. 11
In the first period, the "no ETS period", which takes place in 2004, is assumed 12 that no emission trading related activities take place in the system. National 13 Allocation Plan (NAP) periods, "NAP I" and "NAP II", follow referring to 14 periods 2005-2007 and 2008-2012 respectively. During these, the allocation of 15 CO2 allowances to the plants is performed as designated by the first and second 16
NAPs (HMEPPPW, 2004 (HMEPPPW, , 2006 . According to these a specific amount of 17 allowances is allocated for free to each power plant in the system for each period. 18
At the same time the option of a plant to surpass its free allowed allocation and 19 buy additional allowances is left open in the study. The amounts of these 20 allowances for periods "NAP I" and "NAP II" are explicitly defined on a plant 21 and year basis, permitting free transfer among units of the same plant; transfers 22
are not allowed in any other case in the study, including banking or transferring 23 of allowances to next years. Finally the "full auctioning period" is assigned to 24 years 2013-2020, where no free allowances are allocated to the electric sector 25 plants, fully lining to EC "energy package". In this phase each plant has to buy 1 its emission allowances, even for the first tone of CO2 that will emit. The aim of the Greek sector simulation in the present study is not to perform 1 electricity production projections with absolute accuracy, but to efficiently 2 identify the trends and behaviour of the electric system and project future energy 3 mix, avoiding significant systematic errors. The opposite would not in any case 4 be feasible as the calculations, which are performed on a year basis, could not 5 sufficiently take into consideration smaller time scale characteristics of the 6 electricity market behaviour, non equilibrium effects and market distortions. In order to investigate the effect of input data uncertainties on projections, a 16 systematic sensitivity analysis was carried out. The parameters examined in the 17 present study are the costs of fuel and imported electricity, aiming to investigate 18 their effect on the price of the produced electricity. Figure 3 illustrates the % 19 variation of electricity price which results from 1% variation of each parameter, 20 for the two periods of the study 2004-2012 and 2013-2020 . These results were 21 obtained by ranging parameter values by ±10% for scenario D30 (Table 5 ). As it 22 is shown the factor which influences most the electricity price at the earlier years 23 is lignite cost, which is consistent with the present and expected near term 24 lignite-oriented structure of the Greek electric system. Natural gas price plays 25 key role in both periods of the study, but becomes dominant at the second half, 1 where full auctioning of CO2 allowances takes place and lignite use is diminished 2 in electricity production mix. The role of the other fuels price as well as imported 3 electricity price concerning their influence on system price can be considered of 4 secondary importance. It must be pointed out that the results presented in Figure  5 3 are related to the assumptions and limitations of the current study and the 6 scenario they refer. 7 capabilities as well as accuracy and sensitivity levels, two groups of scenarios 17 were investigated; a complete list along with a reference to the main 1 characteristics of each scenario is illustrated in Table 5 . The first group of scenarios aims at investigating the feasibility of possible 4 commissioning of a large number of new power installations, installations that 5 were announced from time to time in the press by electric companies. In addition 6 to these 3GW of RES are installed starting from 2008 until 2020. The expansion 7 of the system per plant type is depicted in Figure 4 , while the distribution of RES 8 utilities commissioning through years is considered exponential. As it is evident, 9 this scenario deals with the possibility of an extended increase of installation 10 capacity and system expansion, especially for the case of natural gas CCGT 11 plants. From this scenario a set of very interesting questions arise; which will be 12 the behaviour of this virtual electric system? Which plant types will take 13 increased share of load and gain priority in the system dispatch? Which 14 technology and fuels will prevail in the final mix? What will be the response of 15 the system to high, moderate and zero CO2 allowances price? 16 17 18 The second set of scenarios in general comprises a sequential effort to develop an 8 efficient but also realistic expansion plan of the Greek electric sector. This is 9 achieved by establishing a "doing nothing" scenario as a basis, on which the 10 insufficiencies, shortages and generally the behaviour of the electric system are 11 evaluated according to certain criteria. This evaluation leads on decisions and 12 corrective actions and consequently on new improved scenarios, the performance 13 of which is evaluated again. This procedure is repeated until reaching a target 14 scenario, which in general may be a solution, compliant with specific constraints. 15
In this study the target is to investigate the possible outcome of a rational and 16 rather conservative energy policy. 17 18
Evaluation criteria as energy planning basis

20
The first step before scenarios development is the establishment of the criteria 21 basis on which the scenarios will be evaluated and improved towards a finally 22 acceptable solution. In the context of the present study, scenario performance is 1 assessed taking into consideration the aspects of 2  feasibility and realism, 3
 energy safety, 6
 decarbonisation and 7  environmental target compliance. The various scenarios that generally can be developed may perform in a different 5 way concerning their emissions performance. Therefore it is very difficult to 6 efficiently compare them directly as they may differ not only in the final year's 7 emission level over base year, but also in the way they reach there, namely in the 8 intermediate path they follow. A scenario which demonstrates higher emission 9 decrease in 2020 over 2005 levels is not essentially superior to another which 10 results in lower absolute decrease in 2020 but higher total reduction over all 11 years towards 2020. In the same way a scenario with high total emission 12 reduction but very unequal distribution of this reduction over the years or poor 13 performance at the last years, does not necessarily outperform another with lower 14 total emissions reduction but very good distribution through the years. 15
16
For the purposes of a thorough and complete scenario comparison regarding 17 emission performance, the concept of equivalent exponential emission path is 18 introduced in the study. The equivalent exponential emissions path for a specific 19 scenario refers to a hypothetical series of annual emissions, which start at the 20 same level and year with the original one and, but extend towards the last year 21 exponentially; this results in the same total emissions with the scenario under 22 investigation but with constant ratio between the emissions of subsequent years. 23
The necessity for calculation and study of the exponential equivalent path is 24 crucial for the successful evaluation and comparison of emission performance 1 among scenarios as this provides information about parameters such as 2  the exponential equivalent decrease of emissions in the final year over 3 base year 4  the deviation of the specific scenario real emission path from the 5 hypothetical exponential path 6 7
The first parameter corresponds to the % reduction of emissions that would have 8 been achieved in the final year of the study, if the reduction rate had been kept 9 constant in all years, over the emissions of the base year. This parameter 10 characterizes the overall efficiency of the scenario and can help to investigate 11 how far away the scenario lies from the compliance with an absolute reduction 12 target at the end of study. 13
14
The exponential emissions reduction path can in some aspects be regarded as the 15 ideal path that an energy scenario could have led to; this arises since it leads to 16 the same overall emissions reduction levels with the original path, but shares the 17 reduction burden evenly over the years, avoiding large deviations. From this 18 viewpoint, the second parameter, the deviation of real emissions path from the 19 hypothetical exponential path, reveals information about the consistency, 20 technical and economic efficiency and consequently the feasibility of a scenario. 21
The larger the deviation of a scenario from its corresponding exponential path, 22 the larger will be the mandatory, maximum annual efforts and measures that will 23 have to be implemented in specific years in order to achieve the same total levels 24 of emissions reduction. Another equivalent path that could be considered as 25 optimum, in order to perform emissions comparisons, is the linear equivalent 1 path, in which the absolute annual reduction of emissions is considered constant 2 for all years rather than the reduction rate. An advantage of the equivalent 3 exponential over the linear path is that for the same total emission reduction, the 4 absolute annual effort slightly decreases with the years; this way the total annual 5 effort, aggravated by the emissions increase due to load increase, is merely 6 alleviated. For that reason in the present study the equivalent exponential 7 emissions path is considered as ideal and all the comparisons are performed over 8 it and not the equivalent linear. The total annual emissions of the electric sector may increase or decrease 5 between subsequent years mainly due to two different parameters. The first is the 6 structure and characteristics of the electric sector itself. This parameter can 7 globally be represented by an electricity production "quality" index which 8
represents the quantity of emitted CO2 per inland produced GWh; obviously the 9 lower this index is the more decarbonised the system gets. The other parameter is 10 the electricity production variation, which is directly linked to demand; increase 11 of power production tends to increase emissions. As the effects of these two 12 quantities combine two other parameters must be defined to provide information 13 about the relative influence each one. These are emissions change due to 14 electricity production quantity and quality change; comparison between these can 15 reveal which the dominant is and eventually helps the analyst substantiate total 16 emission trends. 17 The whole concept of the "step-by-step energy planning scenarios" is to 22 sequentially build or investigate an expansion plan for the electric sector, starting 23 from a "doing nothing" scenario basis. Each new scenario that arises is evaluated 24 according to the aforementioned criteria, and its inefficiencies are spotted. After 25 that, the scenarios are modified properly in order to obtain certain characteristics 1 and attributes on a specific area each time, yielding thus new ones. This 2 procedure is repeated until reaching a target scenario. 3 4 The sequence described above is clearly illustrated in Table 5 , where the final 5 scenarios E00 and E30 are ultimately reached starting from the "Doing nothing" 6 O30, through four discrete steps. In summary these steps are implemented 7 through increase in CCGT and pulverised coal (PC) capacity, addition of 8 domestic lignite in the fuel mix and increase of RES capacity. Target scenarios 9 E00 and E30 correspond to a possible, conservative and low risk expansion of 10 Greek electric sector. All scenarios are examined under high or zero emissions 11 allowances price in order to look into their effects on the final energy mix and 12 cost efficiency of scenarios. 
"Radical change" scenarios results
19
This group of scenarios (A00, A15 and A30) concerns new capacity installation, 20 as is it was derived from electric companies' investment plans and 21 announcements in the press. The annual and average annual CO2 emissions over 22
2005's levels are depicted in Figure 5 along with their corresponding equivalent 23 exponential emission paths. As it is shown, the emission increase projected in 24 27 2020 for zero, moderate and higher CO2 allowances price are 5.3%, -11.2% and -1 15.7% respectively. The particularity of these scenarios is that, for moderate and 2 higher CO2 allowance cost, the reductions they project over 2005's emissions 3 reaches its maximum levels in 2012 and then gradually decrease towards 2020. 4
This set of scenarios can therefore be characterized as "strong early action" 5 scenarios. For that reason and in order to take into consideration this earlier high 6 reduction of emissions, the equivalent exponential emission reduction in 2020 is 7 looked into as well. In the specific case the equivalent exponential emission higher CO2 allowances price respectively. These levels correspond to a virtual 24 emission reduction which if was accomplished from the first year and kept steady 25 until last year, would had resulted in the same total absolute reduction with the 1 original path of emissions. In 2014 the original average annual emissions become 2 lower than the corresponding equivalent exponential (Figure 5b ), indicating that 3 the actual total emission reduction to that date has become greater than the ideal 4 (premature actions). Although the good emission performance of scenarios A15 5 and A30, the large divergence between the real and exponential equivalent 6 curves, for both annual and average annual emissions reduction rates (Figure 5a Taking a deeper look into the scenarios and the final electricity production mix 5 they project in 2020 (Figure 7 ), many useful observations can be made. Initially 6 the total electricity production from imported coal and natural gas, is extremely 7 high reaching the levels of 79.2% and 82.2% for moderate and higher CO2 8 allowances price (A15 and A30). This is followed by the diminishing of 9 domestic lignite use for electricity production, at about 5.1% for medium CO2 10 cost and almost zero (2.1%) for higher CO2 prices. In any case, these high levels 11 of imported fuel use in electricity production mix are undesirable in terms of 12 energy safety for the country. These phenomena seem to be allayed for the case 13 Beyond energy safety and fuel diversification, the high shares of natural gas in 4 final electric mix that are projected, especially in A15 and A30 scenarios, prompt 5 to technical implementation and feasibility issues. More specifically the question 6 that arises is if the natural gas contracted capacity of Greece will be sufficient of 7 delivering those quantities to the system. As it is illustrated in Figure 8 , the 8 annual consumption of natural gas for electricity production reaches levels of 9 7.11bcm and 7.83bcm in 2013 for scenarios A15 and A30, in order to supply 10 only the electricity production sector. Considering that the use of natural gas for 11 electricity production was about 70% of the total consumption for years 2006 (Council for the National Energy Strategy of Greece, 2008) and assuming 13 this will be also the case for 2013, these projections correspond to total demand 14 of natural gas of 10.16bcm and 11.19bcm . On the other the annual capacity of 15
Greece covered by contracts is currently 4.23bcm (Council for the National 16
Energy Strategy of Greece, 2008) . This deviation reveals need for new 17 agreements on natural gas supply of the country in order to make the scenarios 18 under investigation technically feasible. The capacity adequacy of existing 19 transportation network is also under question for the aforementioned quantities of 1 natural gas. The decreased levels of natural gas utilization for electricity 2 production which are projected for 2020 are due to penetration of coal into the 3 production mix; nevertheless natural gas levels remain high. with Best Available Techniques (BAT) (IPPC, 2006) . 5 6 Scenarios B00 and B30 improved the initial "Doing nothing" scenario O30 7 diminishing the shortage of electric energy from 45.8% to 11.6% in 2020, which 8 was represented by "virtual" imports, and also increased RES final share to 8.4% 9 (Figure 9 ). With next scenario C it is aimed to further decrease electricity 10 production deficiency and at the same time increase the ratio of base capacity 11 over peak load. For that reason an additional capacity of 1,593MWnet of PC 12 power plants is commissioned in comparison with B. This results for the case of 13 higher CO2 allowances price (C30), in the reduction of annual imports from 14 11.6% to 5.7% and reduction of natural gas share from 35.5% to 33% in 2020; 15 the base capacity over peak load ratio is also increased from 36.8% to 47.9% 16 ( Figure 10 ). It is obvious that with the improvements performed in scenario C30 17 over B30, energy safety is promoted in every aspect. 18
The objective of scenario D is to further reduce the use of imported fuels at 20 shares near or lower than 30% in final electricity production in order to further 21 promote energy safety. For that reason the share of domestic lignite is increased 22 in final mix. Therefore in scenario D comparing with C, two lignite power plants 23
are commissioned in place of one PC and one CCGT natural gas plant. Although 24 this does not seem to seriously influence final electric mix in the case of higher 25 CO2 allowances price (D30), still reduces natural gas and coal shares in 2020 at 1 31.2% and 26.7% respectively increasing lignite share at 20.4% ( Figure 9 ). 2 Hence energy safety is improved as electricity production from domestic sources 3 in final mix is enhanced by almost 6 units (36% instead of 30.2%). Furthermore 4 as lignite partially replaces natural gas capacity, the ratio of base load capacity 5 over peak load increases by 2 percentage units as well (Figure 10 ). Therefore the 6 installation of additional lignite capacity in the existing system, replacing coal 7 and natural gas, seems to enhance energy safety of the country in two ways. The 8 limited increase of lignite share which is observed in D30 can certainly be 9 attributed to the high price of CO2 emissions allowances. The step-by-step energy planning methodology led to the final scenario E. The 1 path from 2005 towards 2020 in terms of final electricity mix by origin is 2 illustrated in Figure 11 for the cases of zero and higher CO2 emissions 3 allowances price (E00 and E30). As it is shown imports are kept at moderate to 4 low levels for all years except of years 2011 and 2012; there the system seems 5 unable to fully meet the demand without increased imports. Near this time period 6 high natural gas shares are also observed, phenomenon which however gradually 7 decreases towards 2020. The final electricity production mix in 2020 is 8 acceptable in terms of energy safety, as all fuel shares remain at levels below 9 than 30%, even for the case of higher CO2 price, parameter which certainly 10 seems to favour the imported natural gas fuel. Furthermore base installed 11 capacity over peak load ratio is kept at fair and near 2005 levels, although the 12 major decrease that is presented by the scenario in the midterm (Figure 10 ). This 13 decrease on the other hand seems unavoidable due to the lack of planning for 14 new base load plants installation in the previous period. Power production from 15 lignite is projected constantly decreasing with the years in both cases E00 and 16 E30, but the reduction is more evident for the case of higher CO2 price. This is 17 certainly attributed to the higher energy efficiency and lower emissions of PC 18 and CCGT natural gas plants which gain priority in dispatch scheduling in place 19 of lignite plants and therefore maximize their annual utilization. Coal penetration 20 into the system seems uncontested for the fuel prices considered in the present 21 scenario, as it maintains its share for both high and low CO2 price cases, gaining 22 priority over not only lignite but also natural gas. Therefore while CCGT natural Concerning emissions performance, scenario E30 seems to achieve its maximum 5 emission reduction over 2005's levels (-9.8%) early in 2013 (Figure 12 ). After 6 that year, annual emissions are kept at relatively low levels, having an average of 7 6.8% in the period 2012-2020 over 2005's emissions. In the last two years of the 8 study, reduction is getting weaker reaching finally -3.8% in 2020. This is owing 9 to the additional emissions which correspond to load increase and which for 2019 10 and 2020 prevail over the emissions decrement due to improvement of electricity 11 production quality (tCO2/GWhel - Figure 13 ). Figure 14 demonstrates the 12 discretisation of annual emissions increase rate (%) of each year over its 13 previous, as a total of the emissions increase caused by load increase and the 14 emissions decrease caused by electricity production quality improvement. RES seem to play important role in the system as they do not only produce CO2 1 free electricity but also enhance indigenous power production. With the gradual 2 addition of 3GW RES capacity in the system, the share of RES in electricity 3 production mix increases from 8.45% to 15.40%, while natural gas share and 4 imports are limited from 31.17% to 29.72% and from 6.06% to 3.56% in 2020 5 respectively ( Figure 9) ; on the other hand, the share of domestic lignite drops 6 from 20.42% to 17.43%. Ultimately the total indigenous electricity production is 7 enhanced in 2020 from 36.07% to 40.02% in the final electricity production mix. Full auctioning is expected to have significant effect on the average price of the 1 electricity production system (SAP) in Greece. SAP and its increase due to 2 additional CO2 cost is presented in Figure 16 . According to projections, after the 3 initiation of full auctioning mechanism, SAP for high CO2 prices (E30) seems to 4 instantly increase 39% in relation with the zero CO2 case (E00) and then 5 gradually decrease to 31.9% until 2020; this continuing reduction is be attributed 6 to the gradual decarbonisation of the system. With the initiation of full 7 auctioning in 2013 SAP increase is projected at 34.7% over 2012. It must be 8 noticed that this increase corresponds to the case that no allocation revenues will 9 be recycled to power producers. The extra cost of electricity production due to 10 CO2 emission allowances is generally expected to be passed-through to the 11 consumers at high rates in the order of magnitude of 70-90% but to also lead to 12 unavoidable sunk costs for the utilities (EC, 2008b) . These high rates are mainly 13 owing to the local nature of demand for electricity as well as due to demand's 14 inelasticity to electricity price. On the other hand for markets with decreased 15 competitiveness, such as the oligopolistic are, the pass-through rates of CO2 costs 16 into electricity prices are expected reduced (McKinsey and ECOFYS, 2006) . In 17 any case, full auctioning through its high influence on SAP will probably give 18 strong incentives for low emission technology investments in electric sector. 
